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Intermediates: ubiquitous species on folding energy landscapes?
David J Brockwell and Sheena E RadfordAlthough intermediates have long been recognised as
fascinating species that form during the folding of large
proteins, the role that intermediates play in the folding of small,
single-domain proteins has been widely debated. Recent
discoveries using new, sensitive methods of detection and
studies combining simulation and experiment have now
converged on a common vision for folding, involving
intermediates as ubiquitous stepping stones en route to the
native state. The results suggest that the folding energy
landscapes of even the smallest proteins possess significant
ruggedness in which intermediates stabilized by both native
and non-native interactions are common features.Addresses
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Introduction
One of the major advances in studies of protein folding
over the past 15 years was the discovery that, in the
absence of complicating factors such as proline isomer-
ization, most small proteins (<100 amino acids) fold to
their native structure in a cooperative two-state transition
[1]. In such (un)folding pathways, only the native and
denatured states are significantly populated. The simplic-
ity of the folding mechanism of this class of protein has
had enormous impact on the development of our under-
standing of folding, focusing attention on the structures of
transition state ensembles [2], driving attempts to capture
the essential features of folding using computer-based
models [3], and underpinning attempts to delineatemath-
ematical relationships between protein sequence, struc-
ture and folding rate constants [4]. However, two-state
folding not only precludes a detailed view of different
stages in folding pathways, but also masks the underlying
complexity of a process that involves finding a single
structure, stabilized by a myriad of specific interatomic
interactions, from the astronomical number of possible
Open access under CC BY license.Current Opinion in Structural Biology 2007, 17:30–37alternatives available. For these reasons, the characteri-
zation of intermediates (metastable states that are tran-
siently populated on the folding free energy landscape)
has proved attractive to experimentalists and theoreti-
cians alike [5].
It is generally accepted that proteins greater than 100
amino acids in size fold via one ormore intermediate states
that act as stepping stones to the native state.However, the
role or even the presence of metastable states during the
folding of smaller proteins has proved highly controversial
[6], even though two-state behaviour does not preclude the
existence of high-energy states along the folding pathway
[7]. What role, then, do intermediates play in folding? Are
they off-pathway species that might be the progenitors of
human disease, or misfolded states that slow the rate of
folding [8]?Alternatively, could intermediates play a role in
correct folding, even for proteins that apparently fold
efficiently without them?
Here, we summarize recent advances in experimental
data that address these questions and the insights gained.
We also discuss the emerging view that potentially all
proteins fold via intermediate states.
Detecting intermediates
Effect on kinetic chevron plots
A powerful method of detecting intermediates formed
during folding or unfolding is to analyse the denaturant
dependence of the folding and unfolding kinetics using
chevron analysis. In the absence of a significant transition
state barrier (<2 kBT), folding is predicted to occur in a
downhill manner [9], ruling out analysis of folding using
chevron analysis (Figure 1a). By contrast, the presence of
a single transition state barrier on an otherwise smooth
energy landscape results in classical V-shaped chevron
plots in which the logarithm of both the folding and
unfolding rate constants depend linearly on the dena-
turant concentration (Figure 1b). Such a scenario is
indicative of two-state folding, for which chymotrypsin
inhibitor 2 (CI2) remains the paradigm example [7].
Deviations from linearity in either branch of the chevron
plot (Figure 1c,e) are consistent with the transient popu-
lation of metastable states on the folding energy land-
scape. Where no direct experimental evidence can be
found for the accumulation of an intermediate during
folding (such as the absence of a burst phase change in the
signal amplitude), non-linearity in the chevron plot can be
interpreted as reflecting either a gradual change in the
position of the rate-limiting transition state on the reac-
tion coordinate (Hammond effects), as classically
observed for Thermus thermophilus ribosomal protein S6www.sciencedirect.com
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Figure 1
Example chevron plots (top) and free energy diagrams (bottom) for different folding scenarios. Each chevron plot shows the denaturant ([Den])
dependence of the observed rate constant (ln k). (a) Barrier-less folding. (b) Classical two-state folding, in which intermediates are not populated. (c)
Folding via a high-energy intermediate. The switch between early and late transition states as a function of denaturant concentration results in non-
linearity of the folding and unfolding branches of the chevron plot. (d) Population of a late folding intermediate, subsequent to the rate-limiting transition
state. Such proteins might display two-state kinetics and the population of intermediates is typically inferred from native state hydrogen exchange
experiments. (e) Folding via the population of a stable intermediate in the first millisecond of folding. This is revealed by the so-called ‘rollover’ in the
folding branch of the chevron plot determined using stopped-flow methods (closed circles). In the case where the intermediate accumulates rapidly
during folding, a second chevron plot reflecting the formation and unfolding of the intermediate can be obtained using ultra-rapid mixing experiments
(open circles). The positions of the denatured state (U), intermediate state (I), early and late transition states (TS1 and TS2, respectively) and native
state (N) are shown on an arbitrary scale.[10], or a denaturant-dependent switch between distinct
transition states on a sequential pathway [11]. The latter
mechanism necessarily invokes the transient formation of
a high-energy intermediate that is on-pathway for folding,
as shown in Figure 1c. Kiefhaber and co-workers have
fitted the folding and unfolding kinetics of 23 small
proteins to the latter model, suggesting that folding via
high-energy intermediates is a common occurrence in
folding energy landscapes [11,12].
Intermediates can also be formed after the rate-limiting
transition state has been traversed. Such species might
not be detected using chevron analysis (Figure 1d), unless
the intermediate is unusually stable. Such late intermedi-
ates can be revealed, however, by measuring confor-
mational fluctuations from the native state using, for
example, native state hydrogen exchange or NMR relax-
ation methods (see [13,14] and reviews published else-
where in this issue). These techniques have been used to
identify hidden intermediate states that occur after thewww.sciencedirect.comrate-limiting transition state in cytochrome c [13], barnase
[15], a redesigned apo-cytochrome b562 [16,17], the third
PDZ domain from PSD-95 [18], acyl-coenzyme A binding
protein (ACBP) [19] and T4 lysozyme [20]. In addition,
recent simulations indicate that the Fyn Src homology 3
(SH3) domain might also unfold via such an intermediate
[21]. Native state hydrogen exchange has also been used
to identify misfolded off-pathway intermediates in the
folding energy landscape of 179-residue apoflavodoxin
[22]. From a physiological viewpoint, such species might
be important in the control of signalling pathways [23], or
might provide a link between the protein folding and
aggregation energy landscapes [8,24].
When stable intermediates are formed before the rate-
limiting transition state for folding, a distinct rollover in
the folding branch of the chevron plot results (Figure 1e).
In this scenario, the intermediate accumulates in the first
millisecond of folding and the kinetic rollover is accom-
panied by a change in signal amplitude in the burst phaseCurrent Opinion in Structural Biology 2007, 17:30–37
32 Folding and bindingof stopped-flow experiments. Rapid formation of the
populated intermediate can be directly detected using
ultra-rapid mixing experiments [6], giving rise to a second
chevron plot that describes the folding and unfolding
kinetics of the intermediate via an early transition state.
Folding via such a mechanism has now been observed for
several small proteins, including the small helical bac-
terial immunity protein Im7 [25], ACBP [26], ubiquitin
[6], cytochrome c [6] and the human HYPA/FBP11 FF
domain [27]. For these proteins, folding occurs over a
relatively rough landscape whose energy maxima and
minima can be tailored by alterations in sequence,
temperature or solvent conditions. As a consequence,
relatively minor changes in sequence or folding con-
ditions can result in dramatic changes in kinetic beha-
viour [28,29]. With careful interpretation, therefore,
complexities in the chevron plot can provide a powerful
means of detecting roughness in the folding energy land-
scape, exposing the presence of intermediate species
even when they do not accumulate during folding. For
those intermediate states that are stable enough to with-
stand mutational analysis, kinetic analysis enables indi-
rect determination of their structural characteristics, by
using f-analysis [2], for example.
Rare and transiently populated states
For some proteins, the transient formation of intermedi-
ates during folding (or unfolding) might elude detection
using stopped-flow techniques that are capable of
measuring folding events on millisecond timescales.
For such species, increasing the temporal resolution of
the method of initiating folding or increasing the sensi-
tivity of the detection method can reveal the presence of
such species. For example, the small four-helix protein
ACBP was previously considered to fold with two-state
kinetics; however, an early folding intermediate has now
been observed for this protein by monitoring folding
using ultra-rapid mixing methods in combination with
detection using Fo¨rster resonance energy transfer
(FRET) [26]. Fluorescence correlation spectroscopy is
another powerful technique that has not been used
widely in the context of protein folding. Using this
approach, Neuweiler et al. [30] measured the folding
kinetics of a 20-residue ‘Trp cage’ labelled with an
extrinsic fluorophore, revealing novel and hitherto unde-
tected species populated at low denaturant concen-
trations, consistent with the rapid formation of a partly
folded, collapsed state early during folding. Such a
species is not detected at high denaturant concentrations,
or in a single isoleucine to glycine mutant, suggesting
that, even for this tiny protein, collapse to a structured
state initiates the folding reaction.
Other exciting developments in our experimental
capabilities formeasuring protein folding reactions include
the use of NMR relaxation measurements such as
off-resonance 15N rotating frame [31] or relaxationCurrent Opinion in Structural Biology 2007, 17:30–37dispersion [14] methods, which are capable of detecting
non-native species when their population is exceedingly
low (down to0.5%).The formermethodhas beenused to
characterize an intermediate of the small 67-residue villin
headpiece [32]. In the relaxation dispersion method, the
degree of dispersion is governed by the population of each
species, the difference in chemical shift of each resonance
ineach state and the rates of their interconversion [33].The
information content of these experiments, especially when
combined with 13C, 2H and 15N labelling, is remarkably
rich, and can provide detailed structural, kinetic and
thermodynamic information about rarely populated states
at the level of individual atoms (see [34,35] and reviews by
Mittag and Forman-Kay, and Vendruscolo elsewhere in
this issue). Such experiments can be used as a rigorous test
of whether a protein folds with a two-state transition (at
least on the millisecond timescales sensitive to these
experiments) or whether rare, partially folded states are
populated en route to the native conformation. Thus,
whereas for cold shock protein B (CspB) there is excellent
agreement between the (un)folding rate constants
measured by relaxation dispersion NMR and those
obtained from fluorescence stopped-flow measurements
[36], similar studies on other well-characterized small
model proteins, such as ACBP [19] and Fyn SH3 domains
[34], have demonstrated that these small, single-domain
proteins fold via rare intermediate states.
As the sensitivity and resolution of our experimental
arsenal has increased, the richness of information about
folding landscapes has increased in parallel, offering new
and exciting opportunities to describe the search for the
native state in structural, kinetic and thermodynamic
detail.
Two-state or three-state folding? A unifying
view
Although the classification of proteins into those that fold
with a two- or three-state transition provides a useful
description of the kinetic folding mechanism, recent stud-
ies of the folding mechanisms of protein homologues
suggest that the structural mechanism of folding might
be conserved, even if the kinetic folding mechanism is
different. For example, the four-helix bacterial immunity
proteins Im9 and Im7 have80% sequence similarity and
almost identical native structures; however, they fold at pH
7.0, 10 8C with two- and three-state transitions, respec-
tively [37]. Nonetheless, the rate-limiting transition state
for both proteins is a similar three-helix species, implying
that the structural mechanism of folding is conserved [38].
By comparing the folding of different proteins with the
same topology, a major determinant of protein folding
rates, the contact order [4], is mostly unperturbed, whereas
factors thought to be important in determining the stability
of transient metastable states, such as secondary structure
propensity and local hydrophobicity, might vary signifi-
cantly. Changing these factors thus modulates the stabilitywww.sciencedirect.com
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complexity of the observed kinetics.
For Im9, increasing the helix propensity or hydrophobicity
of specific regions, altering its sequence to incorporate just
three residues from Im7, or changing the pH switches the
folding mechanism of this protein from two to three state,
by specifically stabilizing an intermediate common to both
folding pathways such that it becomes visibly populated
during folding [28,39,40]. Similar switches, including three
state to two state and vice versa, have been achieved for
other proteins [29,41]. Thus, for some proteins, small
changes in sequence can result in gross changes in kinetic
mechanism while the structural mechanism of folding
remains conserved. In other cases, tailoring the stability
of different structural regions or altering their connectivity
by the creation of circular permutants can alter the order of
formation of structural elements during folding without
perturbing the kinetic folding mechanism [42,43,44,45].
Fersht and collaborators [46] have also used the study of
protein families, including both experimental and simu-
lationmethods, to investigate the folding landscape of four
members of thehomeodomain superfamily.Three of these
small three-helix-bundle proteins, hTRF1 (human telo-
meric repeat binding factor 1), hRAP1 (human repressor-
activator protein 1) and c-Myb (third repeat of the mouse
cellular myeloblastis DNA-binding domain) fold in a two-
state manner, whereas En-HD (engrailed homeodomain)
folds via an intermediate [46]. En-HDwas found to have a
higha-helical propensity comparedwith its homologues in
the region spanning helices I and II, possibly explaining
the unusually high stability of the intermediate in this case.
Surprisingly, and apparently in contradiction with the
experimental results, molecular dynamics simulations of
theunfolding of theseproteins suggested that bothEn-HD
and c-Myb fold via an intermediate state, with hRAP1 and
hTRF1 folding in a two-state manner. Increasing the
propensity to form helix II and the helix-turn-helix motif
of c-Myb by deleting a proline residue in this loop resulted
in a switch from two- to three-state folding [47], demon-
strating the power of combining simulation and exper-
iment in unpicking the intricacies of protein folding
mechanisms (see also [48]). In addition, they serve as an
important reminder of the multidimensionality of the
folding energy landscape, in which only small changes
in sequence can cause apparently dramatic changes in
the kinetic mechanism by exposing new features of its
rugged surface [47].
Together with the results for other proteins highlighted
above, these data reveal a new unifying understanding of
the relationship between the conservation of sequence,
the stability of intermediates and the structural mechan-
ism of folding [46], suggesting that intermediates may be
formed generically during folding, even for the simplest
proteins [49], and that single mutations may alter thewww.sciencedirect.comstructural properties of the intermediates formed
[43,50]. This opens up the challenge to further develop
methods to detect these states and to characterize them
structurally, so that insights into the structural mechanism
of folding for even the smallest proteins can be revealed.
Effects on folding: breaks or accelerators?
The results discussed above suggest that the folding
energy landscapes of even the simplest proteins contain
significant ruggedness. This may result from the evo-
lutionary pressure for function over folding, such that the
ideal smooth folding energy landscape is compromised by
the evolutionary pressure to evolve function. This then
raises the question of whether energetic frustration is
beneficial or detrimental to folding. In the case of the
Pin1 WW domain, the answer is clear: replacement of a
six-residue loop that is essential for function with shorter
sequences with enhanced propensity to form a b turn
increases the folding rate by almost an order of magnitude
[51]. Similar results have been observed for the Fyn SH3
domain [52]. These data demonstrate that the evolution
of the sequence for functional purposes has compromised
both the speed of folding and the native state stability.
This energetic frustration might be caused by the for-
mation of non-native interactions involving residues
selected for functional purposes, or by the incorporation
of residues needed to avoid aggregation, or both.
Ruggedness in the landscapemight not always slow folding
[53]. In one recent example, destabilization of the helical
intermediate of amodelTrpcageminiprotein switched the
folding of the protein from three to two state and signifi-
cantly slowed folding [30]. In some proteins, the presence
of high-energy intermediates along a folding pathway
might also accelerate folding by breaking the configura-
tional search into a series of smaller problems. If these
minima in the energy landscape become too deep, how-
ever, folding will be slowed by the introduction of kinetic
traps, increasing the likelihood of off-pathway events such
asprotein aggregation [8]. It is interesting in this regard that
redesigning the core of apomyoglobin by mutating all of
the isoleucine and valine residues to leucine, or by ran-
domly shuffling 12 of the 35 residues that comprise the
hydrophobic core of this protein, stabilized its folding
intermediate [54]. On the basis of these results, the author
suggests that evolution has selected the sequence of the
hydrophobic core of this protein so as to destabilize its
partially folded state and that this effect may have been
important in the molecular evolution of globular proteins
[54]. Further experiments are now needed to test whether
this is the case for other protein sequences.
Native versus non-native interactions in
folding intermediates
A major change in our appreciation of partially folded
states that has emerged in the past few years has been the
realisation that folding does not simply occur by theCurrent Opinion in Structural Biology 2007, 17:30–37
34 Folding and bindingformation of increasing numbers of native interactions,
but that non-native interactions can also play an import-
ant role in determining folding mechanisms and folding
rates. Recent evidence for this assertion has come from
both experimental and theoretical studies, involving
proteins with different folds [35,52,55,56,57]. For
example, non-native interactions, alongside native con-
tacts, have been shown to be involved in stabilizing the
unfolded states of proteins in the absence of denaturant,
demonstrating that a large part of the conformational
search for the native state can be solved during the very
initial events of folding [58,59]. Mutational analysis of
apomyoglobin has shown that truncation of residues in
helices G and H that make no contact in the native state
results in destabilization of its burst phase intermediate,
consistent with this species adopting a native-like fold
stabilized by non-native packing contacts between these
helices [56]. A similar scenario is observed in the inter-
mediates formed during the folding of several other
helical proteins. Thus, the intermediates formed during
the folding of En-HD [58], apo-cytochrome b562 [57
]
and Im7 [25] are all stabilized by the formation of both
native and non-native interactions, so as to optimize
burial of hydrophobic surface area in their partially folded
forms.
The formation of non-native interactions during folding is
not exclusive to all-a-helical proteins: non-native packing
of hydrophobic sidechains has also been shown to play an
important role in stabilizing the intermediates formed
during the folding of a-lactalbumin [60], lysozyme [61],
SH3 domains [35] and CD2.d1 [55]. Non-native contacts
thus appear to be a common feature of folding energy
landscapes, playing a role in the folding of proteins
spanning all structural classes. As long as kinetic traps
do not develop, the formation of non-native contacts
might increase the rate of folding by minimizing the
search for the native state to fewer dimensions [62].
The discovery that many proteins might form transient
non-native contacts during folding has important implica-
tions. For example, because non-native interactions are not
considered in simpleGo¨-typemodels, their presence raises
questions about how well such potentials can describe the
energy landscapes of proteins that fold via the formation of
substantial numbers of non-native contacts. The realis-
ation that non-native contacts form during folding also
raises questions as to how we might best interpret the
results of f-value analyses and native state hydrogen
exchange experiments that use the native state as the
reference point, and how we can describe and appreciate
the structures of such states. We also need to be careful
about how we define non-native contacts, as they could
involve a range of different scenarios, from the slight re-
organization of sidechain packing in a structure that is
otherwise highly native-like, to the formation of inter-
actions far from those that define the native structure.Current Opinion in Structural Biology 2007, 17:30–37Visualizing intermediates through
experiments and simulation
Given that partially folded states appear to be ubiquitous
features on folding energy landscapes, it is of paramount
importance to determine their structural properties,
because they offer powerful opportunities to elucidate
the structural mechanisms of folding in detail. However,
the rarity and transient nature of intermediates usually
require the employment of spectroscopic techniques that
are amenable to rapid timescales for their detection; yet
such techniques provide little detail at themolecular level.
The potential of NMR to provide atom-specific detail
about proteins in solution places this technique amongst
the most powerful for the elucidation of the structure of
non-native states. A plethora of different NMR
approaches, including both direct and indirect methods,
have now been applied to studies of protein folding [33].
For example, introduction of mutations or alteration of the
solution conditions to specifically destabilize the native
state allows transient folding intermediates to be trapped at
equilibrium and directly analysed using NMR. For some
proteins, the intermediates trapped in this manner are well
defined, giving rise to NMR spectra that enable detailed
structural analysis using approaches developed for native
structures [20,57,58]; in other cases, however, the spec-
tra display substantial chemical exchange broadening,
preventing direct analysis [63].Given their dynamic nature
and potential conformational heterogeneity, intermediates
present experimental challenges concerning how to deter-
mine, define and portray their structures. Even for the
latter cases, however, structural elucidation is nowpossible
using restrained molecular dynamics simulations. In this
approach, coarse-grained parameters such as residue-
specific f-values [64], hydrogen exchange protection fac-
tors [65] or chemical shifts [34] are used as restraints, and
molecular dynamics simulations are used to derive an
ensemble of structures that best describe the experimental
parameters. For example, using molecular dynamics simu-
lations restrained by experimentally derived hydrogen
exchange protection factors, a structural ensemble repre-
senting the intermediate ensemble of Im7 has recently
beengenerated, revealing that this species has a native-like
topology and involves an array of structures in which its
three helices are packed in slightly different arrangements
[65].
These calculations are powerful in that they open the
door to images of partially folded states in all-atom detail,
revealing precise details about the identity of residues
making native and non-native contacts in these states,
and stimulating further experiments to validate the pre-
dictions made.
Conclusions and challenges ahead
Taken together, thedata discussed abovedemonstrate that
intermediates, stabilized by both native and non-nativewww.sciencedirect.com
Intermediates and energy landscapes Brockwell and Radford 35interactions, are commonly formed en route to the native
state. By increasing the power of our experimental capa-
bilities and by combining the powers of theory, simulation
and experiment, today’s views of folding involve a land-
scape that contains significant ruggedness, even for the
smallest and simplest proteins known.
These observations pose opportunities and challenges for
the years ahead. First, we need to develop better methods
of elucidating the identity (native or non-native) of inter-
actions formed during folding and of tracking their
exchange as the native state develops. Second, the obser-
vation that only a handful of the original list [1] of two-
state proteins remain for which intermediates have not
been detected poses questions about whether the popu-
lation of intermediates is a pre-requisite for rapid and
efficient folding, or results from the stochastic nature of
the evolution of structure during folding reactions. The
ability to detect intermediates in simple, small proteins,
including those that fold on rapid timescales, provides
exciting opportunities to develop new insights into the
intricacies of folding mechanisms by combining the
power of experiments and simulation, as a prelude to
tackling larger proteins for which the folding energy
landscape will be more complex and more rugged. The
commonality of intermediates during folding also ration-
alizes the need for molecular chaperones in all forms of
life, so as to avoid problems arising from potential aggrega-
tion of these states [66], suggesting the co-evolution of
protein sequences and their folding assistants. Finally, as
our knowledge of the structure of intermediates advances,
we might gain a better appreciation of the differences
between intermediates that are beneficial to folding, those
that open thedoor to aggregation events and those that play
an important functional role, providing a platform for the
design of new proteins that fold and function efficiently,
while avoiding species that could prove harmful to life.
Rather than being rare, complicating features of folding
energy landscapes, intermediates appear to be a common
feature of folding, possibly of all natural protein sequences.
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